U!icl3ssitl»*a 


2»  StCuKiTY  C^S'^'CATiON  AJTh 


2b  DiC^SiMCATiON  /  OOWMCIU 


4  »t4fO4WiN0  OUCAN'^ATlON  W»0«T  NUWBUlS) 

Technical  Report  No.  36 


b*  NAMf  Of  ri4K)4MtNG  04GAMiZAT>ON  4&  OffiCl  STMIOl 
Case  Western  Reserve  Univ. 


be  AO04ESS  (Ct>.  ar^  /ff  Codt; 

20<*0  Adej-bert  Road 
Cleveland,  OH  44106 


ba  f*AM£  Of  fUNOiNC /SPONSORING 
ORGANIZATION 

ONR 


be  ADDRESS  (Cry.  Uttt.  ane  Iif  Coo*> 

Office  of  Naval  Research 

800  N.  Quincy 
Arlington,  VA  22217 


Bb  Off'CE  symbol 
(tf  apcticabf*) 


i  OlSTR.SwTiON.  AVAi^li^iTY  Of  RE*ORT 
Available  for  distribution 
Distribution  unlimited 


5  MONITORING  ORGANlZATtON  REPORT  NUMBER;Sl 


7a  MAME  Of  MONITORING  ORGANIZATOn 
ONR 


7b  ADORESSCOry,  Uat».  ar^  ZiPCede) 
Office  of  Naval  Research 
Arlington,  VA  22217 


9  PROCUREMENT  INSTRUMENT  iDENTif iCaTiON  NuMB-R 


10  SOURCE  Of  fuNOiNC  NUMBERS 


program 


RROJta 

Task 

NO 

NO 

J-182  8 

413c024 

WORK  UN’T 
ACCESSION  NO 


. .  — - -  LT.u.cuuiai  tiiginccnng  oi  Liquia  C-TystaJ  l^olymcrs  by  Living  Polvmenza 

l^iphcnyto?r^TvTnvll,trr 


12  personal  auThOR(S) 

. _ Virgil  Percec  and  Myongsoo  Lee 


1»«  TYPE  Of  REPORT  lie  TIME  COVERED 

Preprint 

1b  Supplementary  notation 

Polyner 


|14  DATE  Of  REPORT  CTtar  Mowi.  0»W  iS  PAGE  COuNT 

I  October  16  ,  1990 _ _ _ 


17 

COSATI  COOES  1 

held 

group 

SUB-GROUP  1 

1B  Subject  terms  (Contmu*  oo  rt*ana  rt  natesta'y  anc  Meinify  by  Mock  numbtO 
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The  synthesis  and  characterization  of  poly{2-[4-cyano-4’-biphenyl)oxy]ethyl  vinyl  ether}  fpov(6-2'i. 
pjoly {8-[(4-cyano-4'-biphenyl)oxy]cx:tyl  vinyl  ether)  fpolv(6-8)1  and  of  poly(6-2-co-6-8)X/Y  (where  XT  is  the 
molar  ratio  of  the  two  monomeric  structural  units)  with  degrees  of  polymerization  of  about  10  and  narrow  molecular 
weight  distribution  are  described.  Both  homopolymers  and  copolymers  were  prepared  by  the  living  canonic 
polymerization  and  copolymerization  of  and  6-8.  During  the  first  heating  scan  polv(6-2)  presents  an  inverse 
nionoLTOpic  sc  mesophase.  During  subsequent  heating  and  cooling  scans,  this  polymer  is  amorphous  regarciiess  of 
the  thermal  history  of  the  sample.  Polvf6-8)  exhibits  an  enantiotropic  sa  mesophase.  Both  during  the  first  and 
subsequent  heating  and  cooling  scans,  the  phase  diagram  which  plots  the  dependence  of  mesomorphic  transition 
tCujperatures  as  a  function  of  of  copolymer  composition  presents  a  discontinuity.  During  the  first  heating  scan. 
polv(6-2-co-6-8)XA'  with  X/Y=]0/0  to  6/4  represents  an  inverse  sc  monotropic  mesophase.  Polv(6-2-co-6-8)X/Y 
with  X/Y=8/2  to  6/4  show  in  addition  to  the  sc  phase  an  enantiotropic  nematic  mesophase.  Polv(6-2-co-6-8)  5/5 
exhibits  only  an  enantiotropic  nematic  mesophase,  while  poly(6-2-co-6-8)4/6  displays  both  a  nematic  and  a  sa 
cnantioiropic  mesophase.  Polv(6-2-co-6-8)X/Y  with  X/Y=3/7  to  0/10  present  an  enantiotropic  sa  mesophase.  The 
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second  and  subsequent  heating  scans  and  first  and  subsequent  cooling  scans  provide  an  identical  phase  behavior  with 
that  obtained  from  the  first  heating  scan,  except  that  the  sc  mesophase  is  absent. 


A 


t 


OFHCE  OF  NAVAL  ElESEARCH 


Contract  N00014-90-J1828 
R&T  Code  413c024 
Technical  Report  No.  36 


Molecular  Engineering  of  Liquid  Crystal  Polymers  by  Living  Polymerization. 5. 
Synthesis  and  mesomorphic  Behavior  of  Poly{2-[4-Cyano-4’-biphenyl)oxy]ethyl  Vinyl 
Ether-co-8[4-Cyano-4'-biphenyl)oxy]octyl  Vinyl  Ether) 

by 


V.  Percec  and  M.  Lee 
Department  of  Macromolecular  Science 
Case  Western  Reserve  University 
Cleveland,  OH  44106-2699 


Accepted  for  Publication 
in 

Polymer 

October  16,  1990 

Reproduction  in  whole  or  in  pan  is  permitted  for  any  purpose  of  the 
United  States  Government 


This  document  has  been  approved  for  public  release  and  sale; 
its  distribution  is  unlimited. 


r 
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a)  Part  4  in  this  series:  reference  28 


The  synthesis  and  characterization  of  poly{2-[(4-cyano-4'-biphenyl)oxy]ethyl 
vinyl  ether}  (poly(fii2J],  poly{8-[(4-cyano-4’-biphenyl)oxy]octyl  vinyl 
ether}[poly(£L&l]  and  of  poly  f6-2-co-6-8tXA^  (where  X/Y  is  the  molar  ratio  of  the 
two  monomeric  structural  units)  with  degrees  of  polymerization  of  about  10  and  narrow 
molecular  weight  distribution  are  described.  Both  homopolymers  and  copolymers  were 
prepared  by  the  living  cationic  polymerization  and  copolymerization  of  Sl:2.  and  6-8. 
During  the  first  heating  scan  poly(i:2)  presents  an  inverse  monotropic  sc  mesophase. 

During  subsequent  heating  and  cooling  scans,  this  polymer  is  amorphous  regardless  of 
the  thermal  history  of  the  sample.  Polyie-St  exhibits  an  enantiotropic  SAmesophase. 

Both  during  the  first  and  subsequent  heating  and  cooling  scans,  the  phase  diagram  which 
plots  the  dependence  of  mesomorphic  transition  temperatures  as  a  function  of  copolymer 
composition  presents  a  discontinuity. ^Durjng  the  first  heating  scan.  poly(&:2.-co-S^ 
&)X/Y  with  X/Y>10/0  to  6/4  represents/^  inverse  sc  monotropic  mesophase.  Poly(fii 
2-co-6-8tX/Y  with  X/Y«8/2  to  6/4  show  im  addition  to  the  sc  phase  an  enantiotropic 
nematic  mesophase.  Poly(6-2-co-6-8t  5/5  exhibits  only  an  enantiotropic  nematic 
mesophase,  while  polyf6-2-co-6-8t4/6  displays  both  a  nematic  and  a  sa  enantiotropic 
mesophase.  Polyf6-2-co-6-8)X/Y  with  X/Y-3/7  to  0/10  present  an  enantiotropic  sa 
mesophase.  The  second  and  subsequent  heating  scans  and  first  and  subsequent  cooling 
scans  provide  an  identical  phase  behavior  with  that  obtained  from  the  first  heating  scan, 
except  that  the  sq  mesophase  is  absent. 

(Keywords;  side  chain  liquid  crystalline  polyethers  and  copolyethers,  living  cationic 
polymerization) 
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INTRQDtJCTlQN 

Copolymerization  represents  the  simplest  synthetic  technique  which  can  be  used  to 
tailor  make  phase  trsnsitions  of  both  main  chain  and  side  chain  liquid  crystalline 
polymers.’  Indeed,  copolymerization  was  frequently  employed  to  manipulate  the  phase 
transitions  of  side  chain  liquid  crystalline  polymers.  However,  most  of  the  results 
reported  in  the  literature  can  be  considered  only  in  a  qualitative  way,  since  there  are 
only  very  few  cases  in  which  information  about  both  copolymer  composition  and 
molecular  weight  are  available.’'^ 

A  general  classification  of  side  chain  liquid  crystalline  copolymer  was  recently 
discussed  in  a  review  article.’  There  are  two  main  classes  of  side  chain  liquid 
crystalline  copolymers.  The  first  one  refers  to  copolymers  containing  pairs  of 
structural  units  with  and  without  mesogenic  units.’ This  class  of  copolymers 
was  extensively  investigated.  The  second  class  refers  to  copolymers  based  on  pairs  of 
structural  units  containing  mesogenic  units  in  each  one.  These  are  at  least  four  different 
categories  which  should  be  considered  in  this  second  class;  a)  copolymers  from  monomer 
pairs  containing  identical  mesogens  and  polymerizable  groups,  but  different  spacer 
lengths;  b)  copolymers  from  monomer  pairs  containing  identical  mesogens  and  spacer 
lengths  but  different  polymerizable  groups;  c)  copolymers  from  monomer  pairs 
containing  dissimilar  mesogens,  but  either  similar  or  different  spacer  tenths  and 
polymerizable  gruops;  and  d)  coplymers  from  monomer  pairs  containing  constitutional 
isomeric  mesogenic  units,  and  similar  or  dissimilar  spacers  and  polymerizable  groups. 
Presently,  there  is  a  relatively  good  understanding  of  the  last  class  of  copolymers.’ 3  ’ ^ 
When  the  structural  units  of  these  copotoymers  are  isomorphic  in  th  it  liquid 
crystalline  phase  but  not  in  their  crystalline  phase,  coploymerization  could  be  used  to 
transform  virtual  or  monotropic  mesophases  into  enantiotropic  mesophases.  A  general 
discussion  considering  the  isomorphism  in  liquid  crystalline  polymers  and  copolymers 
is  provided  in  reference.’^ 

The  (blowing  general  trends  were  observed  so  far  when  copolymers  from  the  second 
class  of  type  a.b  and  c  were  investigated.  When  the  structural  units  of  the  copolymer 
were  isomorphic  within  the  liquid  crystalline  phase,  a  continuous  or  even  linear 
dependence  of  the  phase  transition  temperature  versus  copolymer  composition  was 
observed.’®  When  the  structural  units  of  the  copolymer  were  nonisomorphic  within  the 
mesophase,  a  discontinuous  dependence  of  phase  transitions  versus  composition  was 
observed.’®*’® 

Although  the  composition  of  these  copolymers  were  reported,  there  was  no 
information  on  the  molecular  weight  of  any  of  them.  Liquid  crystalline  oopolysiloxanes 
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are  prepared  by  polymer  homologues  reactions.  They  are  considered  to  be  statistical 
copolymers  with  a  random  distribution  of  their  structural  units.^^  Copolymers 
synthesized  by  classic  polymerization  reactions  exhibit  a  heterogeneous  composition 
unless  they  are  prepared  at  low  conversions.’®  At  the  same  time,  there  is  no  single 
example  in  the  literature  in  which  the  molecular  weights  of  chain  copolymers  were 
reported.’  ®®  ’^'’®  Since  mesomorphic  transitions  are  molecular  weight 
dependent,’ a  quantitative  understanding  of  our  abiiity  to  tailor  make  liquid 
crystals  by  copolymerization  requires  the  synthesis  of  copolymers  with  both  well 
defined  compositions  and  molecular  weights.  The  ideal  solution  to  the  synthesis  of 
copolymers  by  chain  reactions  would  be  to  select  monomer  pairs  which  follow  an 
azeotropic  copolymerization  and  can  be  prepared  by  a  living  poiymerization  mechanism. 
Such  systems  require  ri-r2«l  and  are  encountered  mainly  for  comonomer  pairs  of 

almost  similar  structure. 

Vinyl  ethers  containing  an  identicai  mesogenic  group  but  different  spacer  lengths  are 
presently  the  most  suitable  monomers  for  these  investigations.  The  living 
cationic  polymerization  of  2-((4-cyano*4*-biphenyl)oxy]ethyl  vinyl  ether,25 
((4-cyano-4'-biphenyl)oxy]undecanyl  vinyl  ether, 26  8-((4-cyano-4’- 

biphenyl)oxy)octyl  vinyl  ether27  and  of  6-l(4-cyano-4’-biphenyl)oxy)hexyl  vinyl 
ether26  as  well  as  the  characterization  of  the  resulting  polymers  as  a  function  of 
molecular  weight  were  already  investigated. 

The  first  goal  of  this  paper  is  to  present  the  synthesis  of  the  copolymers  of  2-[(4- 
cyano-4'-biphenyl)oxy]ethyl  vinyl  ether  and  8*[(4-cyano-4'-biphenyl)oxy]octyl 
vinyl  ether  with  different  compositions  and  a  degree  of  polymerization  of  10.  The  second 
goal  is  to  describe  the  phase  behavior  of  these  copolymers  as  a  function  of  copolymer 
composition.  Poly{2-[(4-cyano-4'-biphenyl)oxy]ethyl  vinyl  ether}  with  a  degree  of 
polymerization  equal  to  10  displays  a  sq  mesophase  only  during  the  first  heating  scan.26 

Cooling  and  subsequent  heating  scans  provide  only  an  amorphous  polymer.26  Poiy{8* 
[(4-cyano*4'-biphenyl)oxy]octyl  vinyl  ether}  with  a  degree  of  polymerization  equal  to 
10  displays  an  enantiotropic  s^  phase,  regardless  of  the  thermal  history  of  the 

sample. 27  Therefore,  it  is  expected  that  the  investigation  of  this  copolymer,  during  the 
first  heating  scan,  will  provide  information  about  the  isomorphism  of  the  two  structural 
units  whose  homopolymers  display  sq  and  s/^  mesophases  respectively. 

Alternatively,  the  investigation  of  this  copolymer,  during  the  cooling  and  second  and 
subsequent  heating  scans,  will  provide  information  about  the  isomorphism  of  the  two 
structural  units  whose  parent  homopolymers  display  a  glassy  and  a  s^  phase 


respectively.  Both  structural  units  of  these  copolymers  contain  the  same  mesogenic 
group  but  different  spacer  lengths. 


EXPERIMENTAL 

Materials 

4-Phenylphenol  (98%).  1.10-phenanthroline  (anhydrous.  99%)  palladium  (II) 
acetate  (all  from  Lancaster  Synthesis),  ferric  chloride  anhydrous  (98%), 
copper(l)cyanide  (99%).  n-butyl  vinyl  ether  (98%).  9-borabicycloI3.3.1]nonane 
(9-BBN.  crystalline.  98%).  8-bromo-1-octanol  (95%)  (all  from  Aldrich).  2-chloro 
ethyl  vinyl  ether  (Poly sciences,  bp.  109-1 10°C)  and  the  other  reagents  were  used  as 
received.  Methyl  sulfide  (anhydrous.  99%.  Aldrich)  was  refluxed  over  9-BBN  and  then 
distilled  under  argon.  Oichloromethane  (99.6%.  Aldrich)  used  as  polymerization 
solvent  was  first  washed  with  concentrated  sulfuric  acid,  then  with  water,  dried  over 
anhydrous  magnesium  sulfate,  refluxed  over  calcium  hydride  and  freshly  distilled  under 
argon  before  each  use.  N-Methyl-2-pyrrolidone  (98%.  Lancaster  Synthesis)  was  dried 
by  azeotropic  distillation  with  benzene,  shaken  with  barium  oxide,  filtered,  and 
fractionally  distilled  under  reduced  pressure.  Trifluoromethane  sulfonic  acid  (triflic 
acid,  98%,  Aldrich)  was  distilled  under  argon. 

Techniques 

1  H-NMR  (200  MHz)  spectra  were  recorded  on  a  Varian  XL-200  spectrometer. 
TMS  was  used  as  internal  standard.  A  Perkin  Elmer  DSC-4  differential  scanning 
calorimeter,  equipped  with  a  TAOS  3600  data  station,  was  used  to  determine  the  thermal 
transitions  which  were  reported  as  the  maxima  and  minima  of  their  endothermic  and 
exothermic  peaks  respectively.  In  all  cases,  heating  and  cooling  rates  were  20°C/min 
unless  otherwise  specified.  Glass  transition  temperatures  (Tg)  were  read  at  the  middle 
of  the  change  in  the  heat  capacity.  For  certain  samples,  first  heating  scans  differ  from 
second  and  subsequent  heating  scans.  However,  second  and  subsequent  heating  scans  are 
identical.  The  first  heating  scans  can  be  reobtained  after  proper  thermal  treatment  of  the 
polymer  sample.  A  Carl-Zeiss  optical  polarized  microscope  (magnification  lOOX) 
equipped  with  a  Mettler  FP  82  hot  stage  and  a  Mettler  FP  800  Central  Processor  was 
used  to  observe  the  thermal  transitions  and  to  analyze  the  anisotropic  textures.^^-^^ 
Molecular  weights  were  determined  by  gel  permeation  chromatography  (GPC)  with  a 
Perkin-Elmer  Series  10  LC  instrument  equipped  with  LC-100  column  oven,  LC-600 
autosampler  and  a  Nelson  Analytical  900  series  intergrator  data  station.  The 
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measurements  were  made  at  40^0  using  the  UV  detector.  A  set  ot  Perkin-Elmer  PL  gel 
columns  of  10^  and  SOOA  with  chloroform  as  solvent  (1ml/min)  and  a  calibration  plot 
constructed  with  polystyrene  standards  was  used  to  determine  the  molecular  weights. 
High  pressure  chromatography  experiments  were  performed  with  the  same  instrument. 

Synthesis  of  monomers 

Scheme  I  outlines  the  synthesis  of  2-[(4-cyano-4'-biphenyl)oxy]ethyl  vinyl  ether 
f6-2)  and  of  8-((4-cyano-4*-biphenyl)oxy)octyl  vinyl  ether  (6-8L  1,10- 
Phenanthroline  palladium  (II)  diacetate  (S)  and  4-cyano-4'-hydroxybiphenyl 
were  synthesized  as  described  previously.^^*^^ 

2-f(4-CyanQ-4’-biDhenvl)oxvlethvl  vinvl .  ether 

A  mixture  of  2g  (10.25mmol)  4-cyano-4’-hydroxybiphenyl,  3.16ml  (32.8mmol) 
2-chloroethyl  vinyl  ether,  0.45g  (11.07mmol)  of  powdered  NaOH,  0.1 76g  of 
tetrabutylammonium  hydrogen  sulfate  (0.533mmol),  10.5ml  toluene  and  2ml  dimethyl 
sulfoxide  was  stirred  at  90°C  for  6  hr.  After  cooling,  the  reaction  mixture  was  washed 
with  dilute  NaOH,  water,  and  dried  over  MgS04.  The  solvent  was  evaporated  in  a 
rotavapor  and  the  resulting  solid  was  recrystaliized  from  methanol  to  yield  2.3g  (87%) 
of  white  crystals  which  were  further  purified  by  column  chromatography  (silica  gel, 
CH2CI2  eluent).  Purity:  99%  (HPLC).  mp,  104-1050C  (lit  25.  mp,  IO50C).  iH-NMR 
(CDCI3,  IMS,  5,  ppm);  4.07  (3  protons,  -CHgOCH^CH?  trans,  m),  4.27  (3  protons. 
PhOCll2  and  -OCH-CMs  cis,  m),  6.55  (Iproton,  -OCii-CH2,  q),  7.02  (2  aromatic 
protons,  0  to  alkoxy,  d),  7.53  (2  aromatic  protons,  m  to  alkoxy,  d),  7.69  (4  aromatic 
protons,  0  and  m  to  -CN,  d  of  d). 

8-fM-CvanQ-4'-biDhenvnQxvlQctvi  vinvl  ether  (&:£} 

6-8  was  synthesized  by  the  transetherification  of  4-cyano-4'-(8-hydroxyoctan- 
1-yloxy)biphenyl  (7-8)  with  n-butyi  vinyl  ether  by  using  1,10-phenanthroline 
palladium  (II)  diacetate  as  catalyst.  Its  detailed  synthesis  was  presented  in  a  previous 
publication.^^  Purity:  99.9%  (HPLC).  Tk.n-54.0®C.  Tn.i-70.8°C. 

Cationic  Polymerizations 

Polymerizations  and  copolymerizations  were  carried  out  in  glass  flasks  equipped 
with  teflon  stopcocks  and  rubber  septa  under  argon  atmosphere  at  0®C  for  1  hr.  All 
glassware  was  dried  overnight  at  130®C.  The  monomer(s)  was  further  dried  under 
vacuum  overnight  in  the  polymerization  flask.  Then  the  flask  was  filled  with  argon. 
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cooled  to  and  the  required  amounts  of  methylene  chloride  and  triflic  acid  were  added 
via  a  syringe.  The  mcnomer  concentration  was  about  10  wt%  of  the  solvent  volume  and 
the  dimethyl  sulfide  concentration  was  10  times  larger  than  that  of  the  initiator.  The 
molecular  weight  was  controlled  by  the  monomer/initiator  ratio.  At  the  end  of  the 
polymerization,  the  reaction  mixture  was  precipitated  in  methanol  containing  few  drops 
of  NH4OH.  The  filtered  polymers  were  dried  and  precipitated  from  methylene  chloride 
solutions  into  methanol  until  GPC  traces  showed  no  trace  of  monomer.  Table  I 
summerizes  the  polymerization  and  copolymerization  results.  Although  the  polymer 
yields  are  lower  than  expected  due  to  losses  during  the  purification  process,  the 
conversions  were  almost  quantitative  in  all  cases. 


RESULTS  AND  DISCUSSION 

Scheme  II  presents  the  living  cationic  copolymerization  of  2-[(4-cyano-4'- 
biphenyl)oxy]ethyl  vinyl  ether  16-21  with  8-((4-cyano-4’-biphenyl)oxy]octyl  vinyl 
ether  (6-81.  An  extensive  study  on  the  living  cationic  polymerization  of  and  on  the 
characterization  of  the  mesomorphic  phase  behavior  of  poly(g-81  as  a  function  of 
molecular  weight  was  presented  in  a  previous  publication.^^  All  copolymerization 
experiments  described  in  this  paper  were  performed  under  experimental  conditions 
where  the  resulting  poly(&:2D.  doIv(6-81  and  doIv(6-2-co-6-81  have  a  degree  of 
polymerization  of  about  9-10  (Table  I).  The  yields  reported  in  Table  1  are  lower  than 
80%  due  to  polymer  losses  during  purification  process.  However,  the  conversions  were 
quantitave  and  therefore,  the  copolymer  composition  is  identical  to  that  of  the  monomer 
feed.  200  MHz  ^  H-NMR  spectra  of  the  copolymer  samples  support  this  statement.  Poly 
(6-81  with  degree  of  polymerization  equal  to  10  displays  an  enantiotropic  sa 
mesophase^^(Table  I,  Figure  1).  Poly  (6-21  was  previously  synthesized  and 
characterized  by  Sagane  and  Lenz.^^  Poly(fi:2)  with  a  degree  of  polymerization  of  10 
displays  only  in  the  first  heating  scan  an  inverse  monotropic  sc  phase.^^  During  the 
first  and  subsequent  cooling  scans  and  second  and  subsequent  heating  scans  ,  poly  (6-21 
displays  only  a  glass  transition  temperature  (Table  I,  Figure  1).  Our  results  agree  with 
these  reported  by  Sagane  and  Lenz.^^  Therefore,  the  investigation  of  copolymers  based 
on  the  monomer  pair  QzZ  and  provides  a  unique  system  which  can  give  information 
about  the  phase  behavior  of  a  copolymer  based  on  a  structural  unit  whose  homopolymer 
exhibits  a  sc  mesophase  and  a  structural  unit  whose  homopolymer  exhibits  a  sa 
mesophase  when  the  data  are  collected  from  the  first  heating  scan.  Alternatively,  when 
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the  data  are  collected  from  the  second  heating  scan,  the  same  copolymer  system  consists 
of  a  structural  unit  whose  homopolymer  is  amorphous  and  a  structural  unit  whose 
homopolymer  exhibits  an  enantiotropic  sa  mesophase.  Consequently,  doIv(6-2-cq-6- 
£L)  represents  a  unique  binary  copolymer  which  from  a  single  series  of  experiments 
provides  information  about  the  phase  behavior  of  two  ’different*  binary  copolymers. 

Let  us  first  discuss  the  behavior  of  this  copolymer  as  being  determined  from  the 
first  DSC  heating  scans.  The  first  DSC  heating  scans  of  Dolvf6-2-co-6-8i  are 
presented  in  Figure  la.  The  nature  of  the  mesophase  displayed  by  various  copolymers  is 
presented  on  the  figure.  Polvf6-2t  displays  a  sc  phase  which  overlapps  the  glass 
transition  temperature  (Table  I).  Upon  copoiymerization,  the  temperature  associated 
with  the  sc -isotropic  phase  transition  decreases.  Coplymers  pQlyf6-2-co-6-8^5/5  to 
poly(fi::2.-co-fi:ia)0/10  do  not  exhibit  the  sc  phase.  Therefore,  the  structural  units 
derived  from  the  monomers  and  fij[  are  isomorphic  within  the  sc  phase  only  over  a 
very  narrow  range  of  compositions.  A  similar  behavior  can  be  observed  for  the  sa  phase 
displayed  by  poly(fi;fiJ.  Poly(fii2.-co-fi::fl}X/Y  with  compositions  from  X/Y*0/10  to 
4/6  display  a  sa  phase.  The  temperature  transition  associated  with  this  phase  decreases 
by  increasing  the  concentration  of  structural  units  derived  from  monomer  6-2. 
Poly(fii2.-co-fi;A)4/6  exhibits  both  a  nematic  and  a  sa  mesophase.  Polvf6-2-co-6- 
^X/Y  with  X/Y  from  5/5  to  8/2  exhibits  a  nematic  phase. 

The  phase  behavior  of  Dolv(6-2-co-6-8tX/Y  determined  from  the  first  healing 
scan  is  plotted  in  Figure  2a.  This  figure  demonstrates  that  both  the  sa  and  sc  phases 
exhibit  discontinuous  dependences  of  copolymer  composition.  The  very  interesting  result 
consist  in  the  ability  to  prepare  copolymers  exhibiting  a  nematic  mesophase  from 
structural  units  derived  from  two  homopolymers  which  both  display  a  smectic 
mesophase.  This  may  be  the  result  of  the  fact  that  within  the  sa  phase  the  backbone 
conformation  of  poly(£JD  is  confined  to  the  smectic  layers.^ ^  Simultaneously,  since 
the  spacer  of  poly(£i2)  is  short,  the  backbone  of  this  polymer  may  exhibit  an  extended 
conformation  within  the  sc  phase. ^  Based  on  this  account,  the  structural  units  of  this 
copolymer  are  isomorphic  in  each  of  the  two  mesophases  only  over  the  range  of 
compositions  where  the  polymer  backbone  can  get  distorted  to  accomodate  either  the  sc 
or  SA  mesophases.  Morphological  experiments  are  required  to  support  this  speculative 
explanation.  The  newly  formed  nematic  mesophase  extends  over  the  broadest  range  of 
copolymer  composition.  The  glass  transition  temperature  of  these  copolymers  displays 
an  expected  continuous  dependence  of  copolymer  composition  (Figure  2a). 

The  DSC  traces  of  the  second  heating  scans  of  poiy(fi;2-co-fii£)X/Y  are  presented 
in  Figure  1b.  They  are  identical  to  those  from  the  first  heating  scans  from  Figure  1a. 
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except  that  the  sc  phase  is  missing  and  the  change  in  the  ACp  at  the  glass  transition 
temperatures  of  poly(£i2.-co-fi::a)X/Y  from  X/Y-  10/0  to  6/4  is  larger.  The  thermal 
transition  temperatures  collected  from  Figure  lb  are  plotted  in  Figure  2b.  This  Figure 
demonstrates  that  poly(fi::2-co-fi;fl)  displays  a  discontinuous  dependence  of  the  sa  and 
nematic  phases  on  copolymer  composition.  The  absence  of  the  sc  phase  in  the  second 
heating  scans  is  most  probable  the  result  of  a  kinelc  effect  which  is  due  to  the  close 
proximity  of  the  sc  phase  from  the  glass  transition.  Therefore  this  sc  phase  forms  only 
w''en  the  polymers  are  precipitated  from  solution.  If  the  polymer  sample  is  redissolved 
and  reprecipitated,  the  sc  phase  reappears.  Alternatively  of  the  sample  of  poiyi6-2) 
and  poly(£i£-co-fi:Jj9/l  is  sheared  above  the  glass  transition  temperature  on  the 
optical  polarized  microscope,  an  anisotropic  texture  forms.  This  behavior  can  be  easily 

explained  by  thermodynamics.32.33 

The  cooling  DSC  scans  of  poly(fii2-co-fi:DX/Y  are  presented  in  Figure  1c.  They 
provide  the  same  conclusion  as  that  derived  from  the  second  heating  scans.  The  phase 
diagram  of  poiy(£:2-co-fii&}  obtained  from  the  cooling  DSC  scans  is  plotted  in  Figure 
2c  and  agrees  very  well  with  that  from  Figure  2b. 

The  dependence  of  the  enthalpy  changes  associated  with  nematic-isotropic,  isotropic- 
nematic,  SA-isotropic  and  isotropic-SA  is  plotted  in  Figure  3.  The  enthalpy  changes  of 
the  nematic-SA  and  SA*>sotropic  as  well  as  their  reversed  values  of  polv(6-2-co-6- 
gj4/6  could  not  be  separated  and  therefore,  they  were  plotted  as  the  sum  of  both 
transitions  (Table  I,  Figure  3).  Even  so.  Figure  3  demonstrates  that  both  the  enthalpy 
changes  associated  with  the  SA-phase  and  with  the  nematic  phase  transitions  are  located 
on  straight  tines.  However,  these  lines  have  a  different  slope.  These  data  prove  that  the 
structural  units  derived  from  and  are  isomorphic  over  a  certain  range  of 
copolymer  composition  within  the  nematic  phase  and  over  different  range  of  composition 
within  the  SA-phase.  A  classification  of  the  various  classes  of  homopolymer  and 
copolymer  isomorphism  within  liquid  crystalline  phases  was  presented  in  a  previous 
publication.34  The  plot  from  Figure  3  shows  that  the  mesomorphic  phase  behavior  of 
polyf6-2-co-6-81X/Y  versus  copolymer  composition  is  not  continuous.  An  attempt  to 
extrapolate  the  linear  dependence  of  the  enthalpy  change  associated  with  the  nematic 
isotropic  and  isotropic- nematic  phase  transition  to  poly(£:£}  leads  to  a  value  of  aH>0. 
This  result  demonstrates  that  polyf6-2)  with  a  degree  of  polymerization  of  1 0  does  not 
exhibit  a  nematic  mesophase.  The  same  conclusion  can  be  derived  if  we  try  to  extrapolate 
the  dependences  of  the  temperature  transition  of  nematic-isotropic  (Figure  la,b)  and 
isotropic-nematic  (Figure  1c)  versus  copolymer  composition  to  the  composition 
corresponding  to  poly(£^.  We  would  obtain  a  virtual  nematic  mesophase  which  is 


located  below  the  glass  transition  temperature  of  poly(£:£}.  However,  since  the 
enthalpy  change  of  this  virtual  mesophase  as  determined  from  Figure  3  is  equal  to  zero, 
we  can  safely  conclude  that  polyl6-2^  with  a  degree  of  polymerization  of  10  does  not 
display  a  virtual  nematic  mesophase. 

Finally,  Figure  4  presents  some  representative  textures  characteristic  for  the  sa 
and  nematic  phases  exhibited  by  po!y(fi;2-co-fi;a)X/Y  copolymers  and  by  polv(6-8l. 
No  characteristic  texture  could  be  obtained  for  the  sc  phase  of  polyf6-2t  because  this 
phase  overlaps  the  glass  transition  temperature  of  the  polymer  and  therefore  the 
polymer  is  very  viscous  within  its  sc  phase. 

In  conclusion,  the  experimental  results  described  in  this  paper  provide  the  first 
series  of  quantitative  copolymerization  experiments  performed  with  mesogenic  vinyl 
ethers.  Since  these  monomers  can  be  polymerized  by  living  cationic  polymerization, 
both  the  molecular  weight  ,  molecular  weight  distribution  and  the  composition  of  these 
copolymers  can  be  conveniently  controlled.  The  most  important  conclusions  obtained 
from  the  copolymerization  of  &z2.  with  are  as  follows.  Although  the  two  structural 
units  of  these  copolymers  lead  to  homopolymers  which,  depending  on  the  thermal  history 
of  the  sample,  exhibit  either  a  monotropic  sc  or  a  glassy  phase  and  an  enantiotropic  sa 
phase,  respectively,  the  resulting  copolymers  display  a  nematic  mesophase  over  a  quite 
broad  range  of  copolymer  compositions.  In  addition,  the  dependence  of  mesomorphic 
phase  transitions  on  copolymer  composition  is  discontinuous.  The  generation  of  a  nematic 
polymer  by  copolymerization  of  two  monomers  containing  dissimilar  spacer  lengths 
provides  a  simple  technique  for  the  synthesis  of  nematic  polymers  containing  4- 
cyanobiphenyl  mesogenic  groups.  Very  few  examples  of  side  chain  liquid  crystalline 
polymers  containing  a  cyano  substituent  and  displaying  a  nematic  phase  are 
available.^ Most  frequently,  nematic  p  /mers  containing  cyano  groups  are 
synthesized  by  inserting  a  lateral  substituent  into  the  structure  of  the  mesogenic  unit.^^ 
by  using  laterally  attached  mesogenic  units.^^  and  by  copolymerization  of  mesogenic 
units  containing  laterally  and  terminally  attached  mesogenic  side  groups.^^ 


ACKNQWIE 


•*c7.iaci 


Financial  support  of  this  work  by  the  Office  of  Naval  Research  is  gratefully 
acknowledged. 


1 


10 


I.  Percec,  V.  and  Pugh,  C.,  in  ’Side  Chain  Liquid  Crystal  Polyrr.ers',  Chapman  and  Hall. 
New  Yorit,  (Ed.C.  B.  McArdle)  1989,  p.30 

2.  Gray,  G.,  in  ’Side  Chain  Liquid  Crystal  Polymers’,  Chapman  and  Hall,  New  York,  (Ed. 
C.  B.  McArdle)  1989,  p.106. 

3.  Plate,  N.  A.  and  Shibaev,  V.  P.,  ’Comb-Shaped  Polymers  and  Liquid  Crystals’  Plenum 
Press,  New  York,  (1987) 

4.  Engel,  M.,  Hisgen,  B.,  Keller,  R.,  Kfettdef,W.,  Reck,  B.,  Ringsdorf,  H.,  Schmidt,  H. 

W.  and  Tschirner,*  P.,  Pure  Appl.  Chert).  1935,  57,  1009 

5.  Shibaev.  V.  P.  and  Plate.  N.,  Adv.  Pofym.  Sci.  1984,  60/61,  173 

6.  Schmidt,  H.  W..  Angew.  Chem.  Int.  Ed.  ErtgL  Adv.  Mater.  1989,  101,  964 

7.  Diek,  S.,  Oelsner,  S.,  Kuschel,  F,  Hisgen,  3,  Ringsdorf,  H.  and  Zentel,  R,  Makromol. 
Chem.  1987,  188,  1993 

8.  Oiele,  S.,  Oelsner,  S.,  Kuschel.  F.,  Hisgen,  B  .  and  Ringsdorf,  H.,  Mol.  Cryst.  Liq. 
Cry  St.  1988,  155,  399 

9.  Westphal,  S.,  Oiele,  S.,  Madicke.  F.,  Kuschel.  F.,  Scheim,  U.,  Ruhimann.  K.,  Hisgen, 
B.  and  Ringsdorf,  H.,  Makromol.  Chem.,  Rapid  commun.  1988,  9,  489 

10.  Hestor,  G.,  Gray,  G.  W.,  Lacey,  0.  and  Toyne,  K.  J.,  Lkj.  Cryst.  1989,  6,  137 

II.  Percec,  V.  and  Hahn,  B.,  Mhcromolecules  1989,  22,  1588 

12.  Percec,  V.,  Hahn,  B..  EbeM,  M.  and  Wendorff,  J.  H.,  Macromolecules  1990,  23. 
2092 

13.  Percec,  V.  and  Tomazos,  D.,  Macromolecules  1989,  22,  1512 

14.  Percec,  V.  and  Tomazos,  0.,  Polymer  1989,  30.  2124 

15.  Percec,  V.  and  TsixJa.  Y.,  Polymer,  in  press 

16.  Achard.  M.  F.,  Mauzac,  M.,  Richard,  H.,  Sigaud.  G.  and  Hardouin,  F.,  Eur.  Polym.  J. 
1989,  25.  593 

17.  Hardy,  G.,  Cr.er,  F.  and  Nyitrai,  K..  Isr.  J.  Chem.  1979,  18,  233 

18.  Hardy.  G.,  Cser,  F.,  Nyitrai,  K.  and  Bartha,  E.,  Ind.  Eng.  Chem.  Res.  Dev.  1982, 
121,  321 

19.  Horvath,  J„  Cser,  F.  and  Hardy,  G.,  Prog.  Coll.  Polym.  Sc/.  1985,  71.  59 

20.  Kostromin,  S.  G,,  Talroze,  R.  V  ,  Shibaev,  V.  P.  and  Plate,  N.  A.,  Makromol.  Chem., 
Rapia  comur)r).  1982,  3,  803 

21.  Slovens,  H.,  Rehage,  G.  and  Finkelmann,  H.,  Macromolecules  1984, 17,  851 

22.  Percec,  V.,  Tomazos,  D.  and  Pugh,  C..Macromolecules  1989.  22,  3259 

23.  Sagane,  T.  and  Lenz,  R.  W.,  Polym.  J.  1988,  20.  923 

24.  Sagane,  T.  and  Lenz.  R.  W.,  Polymer  1989,  30,  2269 


i 


1  1 


25.  Sagane,  T.  and  Lenz,  R.  W..  Macromolecules  1989,  22,  3763 

26.  Percec,  V.,  Lee,  M.  and  Jonsson,  H..  J.  Polym.  ScL  Part  A:  Polym.  Chem., submitted 

27.  Percec,  V.  and  Lee.  M..  Macromolecules,  submitted 

28.  Percec,  V.  and  Lee,  M.,  Macromolecules,  submitted 

29.  Rodriguez-Parada,  J.  M.  and  Percec.  V..  J.  Polym.  Sci.,  Part  A:  Polym  Chem.  1986, 
24,  1363 

30.  Demus,  D.,  Richter,  L..  "Textures  of  Liquid  Crystals*.  Verlag  Chemie,  Weinheim, 
(1978) 

31.  Gray,  G.  W..  Goodby,  G.  W.,  "Smectic  Liquid  Crystals,  Textures  and  Structures’, 
Leonard  Hill,  Glasgow,  (1984) 

32.  Keller,  A.,  Ungar,  G.  and  Percec,  V.,  in  "Advances  in  Liquid  Crystalline  Polymers", 
Ober,  C.  K.,  and  Weiss,  R.  A.,  Eds.  ACS  Symposium  Series,  Washington  D.C.,  in  press 

33.  Percec,  V.  and  Keller,  A.,  Macromolecules,  in  press 

34.  Percec,  V.  and  Tsuda,  Y.,  Polymer,  in  press 

35.  Gray,  Q.  W.,  in  "Side  Chain  Liquid  Crystal  Polymers"  Chapmann  and  Hall,  New  York, 
1989,  p.106 

36.  Gemmell,  P.  A..  Gray.  G.  W.  and  Lacey.  D.,  Mol.  Cryst.  Liq.  Cryst.  1985, 122,  205 

37.  Lee,  M.  S.  K.,  Gray,  G.  W.,  Lacey,  D.  and  Toyne,  K.  J.,  Makromol.  Chem.,  Rapid 
Commun.  1989,  10,  325 

38.  Gray,  G.  W.,  Hill,  J.  S.  and  Lacey,  D.,  Angew.  Chem.  Int.  Ed.  Engl.  Adv.  Mater.  1989, 

28,  1120 


Schema  1:  Synthesis  of  2-I{4-cyano-4’-biphenyl)oxy]ethyl  vinyl  ether  (6-2^and  of 
8-((4-cyano-4'-biphenyl)oxy]octyl  vinyl  ether  (6-8^ . 

Scheme  2:  Cationic  copolymerization  of  with  6-8. 


Figure  1;  Differential  Scanning  Caiorimeric  traces  displayed  during  the  first  heating 
scan  (a),  second  heating  scan  (b).  and  first  cooling  scan  (c)  of  do1v(6-2). 
poly(fiLfiJ  and  of  poly(fi::2,-co-£iflJX/Y. 

Figure  2:  The  dependence  of  phase  transition  temperatures  on  the  composition  of 
poly(fi^-co-fiJJ  copolymers,  a)  data  from  first  heating  scan:  0-Tg: 
•-Tsc-i{n):  □  -Tn-i;  A-TsA*n(i);  b)  data  from  second  heating  scan: 
•-Tg;  B-Tn-i;  A-TsA-n(i).  c)  data  from  first  cooling  scan:  B*Tg;  •-Ti- 
n;  A'Tn(i)-SA. 

Figure  3:  The  dependence  of  the  enthalpy  changes  associateed  with  the  mesomorphic- 
isotropic  and  isotropic-mesomorphic  phase  transitions  on  the  composition 
of  polyf6-2-co-6-8t.n-AHn(SAt-i  (data  from  the  first  heating  scan); 
0-AHn(sA)'<  (data  from  second  heating  scan);  A-AHi-n  and  A-AHi-SA 
(data  from  first  cooling  scan). 

Figure  4:  Representative  optical  polarized  micrographs  (100X)  of:  a)  the  nematic 
phase  displayed  by  poly(fi^-co-&:fl)4/6  at  100^0  on  the  cooling  scan  ; 
b)  the  SA  mesophase  displayed  by  poly(fi;iL-co-&i^4/6  at  90°C  on  the 
cooling  scan;  c)  the  nematic  mesophasa  displayed  by  polv(6-2-co-6- 
at  90°C  on  the  cooling  scan. 
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